This work analyzes repeated observations of seismoelectric effects at Novomikhailovskoe gas condensate deposit (Khakassia, Russia) with the occurrence depth more than 2,500 m and plotting of detailed profile with the distance between observation points of 200 m, as well as acquisition of statistic data and verification of the previous results obtained by the same method. The electromagnetic wave reflected from productive stratum has been quantitatively estimated in the frequency range of 0.1-20 Hz from the depth up to 2,500 m. It has been demonstrated that the field level at Earth surface corresponds to recorded values of the Earth's magnetotelluric field. The data are presented confirming that the deposit edge is marked by a maximum of cross-correlation function equaling to 0.4, whereas there are no maximums of cross-correlation function in the deposit center. Therefore, it is proved that the results obtained by passive seismoelectric method at one and the same deposit profile are repeated at various observation times.
INTRODUCTION
Interaction between seismic and electric fields at interfaces and in ion-conducting mediums was described theoretically in the mid-20th century [1] . These issues were considered by Ivanov [2] , Frenkel [3] , and others [4, 5] . Later [6] [7] [8] [9] the data on the application of seismoelectric effect for offshore prospecting of hydrocarbons were published. Almost all studies of this kind were carried out with active sources of electric and seismic fields. The acquired results are described in detail in [5] , such prospecting methods proved to be efficient during offshore operations.
Recent advances in this area are related to the application of seismoelectric effects for detection of productive formations using noise seismic fields generated by drilling rigs upon operation and interaction of these noises with natural electromagnetic Earths' field. The researchers in [10] prove that this would permit to stop using sources of both seismic and electromagnetic fields owing to the application of observations of passive seismoelectric effects in the frequency range up to 100 Hz. This approach can be applied both upon drilling and upon initial prospecting, additional sources of seismic radiation only improve seismoelectric effect observed on Earth's surface. The penetration depth for this procedure is estimated to be 300 m, and the electromagnetic field is recorded by magnetic antennas and active sensors of telluric currents.
The researchers [11] presented numerical estimation of seismoelectric effect based on the impact of seismic waves and a double electric layer formed at the interface between mediums with various conductivities. The calculations are provided for porous structures in the frequency range from 10 kHz to 150 kHz, it is demonstrated that this effect depends on the frequency and exponentially decreases with the increase in frequency. Therefore, it is possible to assume that these effects at frequencies up to 100 Hz will be characterized by higher amplitude and their detection will not be difficult, which is rather frequently observed in-field practices.
Experimental observations of seismoelectric effects at two deposits in Australia and Arab Emirates are reported in [12] . The measurements were performed using a seismic cable with the length of 3,600 m, the distance between seismic receivers was 12 m. Electric dipoles were located at the distance of 4 m from each other, a total number of the dipoles was 49. The geological section was excited by shocks of about 35 t. It was also mentioned that such effects were also observed at the frequencies up to 100 Hz.
In our previous works [13, 14] we published experimental data on observation of seismoelectric effects at gas condensate deposits both in passive fields and with a Yenisei KEM-4 active source of seismic/acoustic fields, but the electromagnetic fields were detected by 200 m grounded electric dipoles and seismic receiver.
This article estimates the influence of propagation depth of seismoelectric effect based on simulations of polarization at an interface between media with various conductivities. In order to simplify the predictions, a conducting sphere and homogeneous semi-space are considered. It is demonstrated that the field reflected from this sphere corresponds to the electromagnetic fields observed during experimental observations at various deposits. Experimental data from Novomikhailovskoe gas condensate deposit (Khakassia, Russia) are presented which confirm the data of seismic prospecting and exploratory drilling.
METHODS
In order to analyze the propagation depth of the developed seismoelectric method, let us estimate a standard field observed on the surface of hydrocarbon deposits, which is stipulated both by the existence of associated disseminated pyrite and by the influence of deposit itself.
Komarov [15] presented equations of abnormal polarization of sphere on the surface with the conductivity σ1 and polarization η1, radius a, in a homogeneous medium with the conductivity σ2 and polarization η2, at the depth H:
+1 ⋅ +1 , and gn is determined as follows:
and qn is the coefficient calculated as follows:
Taking into account Eqs. (1) (2) (3) and that the highest contribution to the sum is made by its first term, the calculations can be simplified by using only the first term, then we obtain the equation of abnormal polarizability:
where F is the function depending on interelectrode distance, depth and position of the electrodes, which for the three-electrode gradient facility upon measuring ηAH above the sphere is F=1.
Taking into account that the denominator in Eq. (4) is generally close to unity, then in order to estimate the abnormal polarizability ηAH on the surface, aiming at simplicity, it is possible to use only the numerator in Eq. (4).
It follows from Eqs. (3) (4) that if the polarizability of the sphere and host medium are equal, η 1 =η2, then gn=0 and the abnormal apparent polarizability is zero irrespective of the ratio of conductivities = 1 2 and electrode position, that is, heterogeneous conductivities of rocks cannot create anomalies of induced polarization [10] . Fig. 1 below illustrates ηAH as a function of with the ratio of conductivities p = 10 -2 , polarizability of sphere η1 = 0.1; 0.2; 0.3 and medium η1 = 10 -2 . Fig. 1 . Abnormal polarizability as a function of the radius of sphere-to-depth ratio. Therefore, polarization effects observed above hydrocarbon deposits stipulated by the existence of productive formation itself and not by its satellites can be used as additional information with an approximate estimation of the productive formation depth.
Let us estimate the propagation depth of electromagnetic waves in an absorptive medium according to classical equations of electrodynamics. Equation of electromagnetic wave in infinite space is:
where Em is the amplitude of electric constituent, h is the depth, k is the complex propagation constant:
where ω is the angular frequency of the electromagnetic field, C is the speed of light in vacuum, β is the propagation constant in medium, α is the attenuation constant -the loss tangent:
where ε is the absolute dielectric permeability of the medium, = ′ ⋅ 0 , 0 = 1 36⋅10 9 ⋅ For the case of low frequencies and moderate conductivities of about 2 = 10 −3 − 10 −2 , , tgΔ>>1 which finally gives the following equation of attenuation constant:
where μ 2 is the magnetic permeability of the medium.
The return field can be estimated as follows:
where E 0 is the initial amplitude on Earth's surface. Fig. 2, 3 below illustrate amplitudes of the horizontal constituent as a function of penetration depth at various conductivities of mediums and various frequencies.
In this case, E0 was determined empirically by various researchers as the amplitude of horizontal constituent on the Earth's surface: 1 µV/m. In this model the host medium is considered to be homogeneous, it is not considered that under real conditions the medium will be layered, and at interfaces between media with different conductivities reflections and deflections would occur, thus decreasing the field level.
Since horizontal electric dipoles are used to record the electromagnetic field, EMF at receiver input can be estimated as follows:
where l is the length of an electric dipole, m. At conductivities of sedimentary rocks σ2 =10 -3 -10 -2 , characteristic for field practices, and at the depth of conducting anomaly of 1,000 m, the signal amplitude in the frequency range of 0.1-10 Hz on the surface will be equal to 0.3-0.9 µV/m, and for the frequencies of 10-20 Hz -to 0.05-0.7 µV/m. Taking into account Eq. (10) at l = 50 m, we obtain the amplitudes of signal EMF equaling to 15-45 µV and 2.5-35 µV, respectively. The existing equipment is capable to record such signals using precious instrumentation amplifiers.
On the basis of linear dimensions of anomaly obtained upon profiling and abnormal polarization ηAH, it is possible to determine approximate depth of productive formation by Eq. 4 taking into account spectral processing of the received signals. Therefore, such predictions would determine the approximate depth of productive formation.
In order to verify these assumptions, seismoelectric effects were experimentally analyzed at Novomikhailovskoe gas condensate deposit (Khakassia, Russia). The map of observation profile with seismic survey data and exploratory drilling is illustrated in Fig. 4 . The well 1-P was suspended, a positive result was detected at the depth of about 2,500 m. At present, the deposit is not developed. The gas deposit according to exploratory drilling and seismic survey is at the depth of 2,500-2,700 m. Recently we performed measurements at this deposit, the obtained results were described in [8] .
The edge of this deposit was marked by an abnormally high maximum of the cross-correlation function. The observation profile is shown by the red line, it can be seen that only four points were used for measurements. In order to confirm the obtained results, the profile with an increment of 200 m with 48 measurement points was obtained in 2018. The profile start was at the distance of 100 m from the well 1-P.
Seismoelectric effect is estimated as follows:
where ES is the signal received by the seismic receiver, EE is the signal received by a grounded electric dipole, k is the maximum of crosscorrelation.
The flowchart of measurements is illustrated in Fig. 5 . Straight profile of the measurements could not be obtained due to terrain relief and due to the existence of agricultural plots. Accumulation time at a point was 180 s. The electromagnetic field was recorded by means of the grounded electric dipole with the length of 200 m, seismic/acoustic field was recorded by standard three-component GS receiver.
RESULTS AND DISCUSSION
The following profile was obtained during experimental observations (Fig. 6 ). "0" in the plot horizontal axis corresponds to well 1-P in the deposited map. Therefore, the deposit edge is highlighted by outbursts of cross-correlation to 0.25-0.4. We suppose that the sawtooth shape of the profile indicates at heterogeneities in the deposit structure. The acquired data agree well with those obtained in [8] with the profile comprised of only four points. In addition, the data on the parameter of induced polarization for these points were obtained.
The level of signals received by an electric dipole in the range of 0.1-20 Hz was 100 µV, and accounting for Eq. (10) the field intensity was 0.5 µV/m, which agrees well with field practices and above calculations. Analysis of these functions demonstrates that the deposit edge is highlighted by distinct peak equating to 0.4, which evidences the existence of a deposit. It should be mentioned that the propagation velocities of seismic and electromagnetic waves differ significantly. Here the functions are illustrated adjusted in terms of delay.
CONCLUSIONS
Quantitative estimation of penetration depth of natural Earth's electromagnetic field and its reflection from conducting seam demonstrate that at present this field level can be easily recorded and this agrees with field observations, and taking into account that the frequency range of the electromagnetic field is from 0.1 to 20 Hz, then even for the upper frequency of this range the return amplitude from the depth of 2,000 m will be about 20 nV/m, hence, using dipole with the length of 200 m, it is possible to obtain the receiver input voltage of about 4 µV. Such signals can be recorded by means of modern instrumentation amplifiers. Theoretical estimation of return electromagnetic field is in agreement with field observations.
The acquired experimental data at the Novomikhailovskoe deposit demonstrate that the passive seismoelectric method without active sources of the electromagnetic field and seismic emitters can detect hydrocarbon deposit edge at the depth of 2,500 m. As follows from the profile, in order to detect deposit, it is possible to apply longer electric dipoles which would facilitate the acquisition of more integral characteristic, as well as decrease labor and time consumptions. Such detailed profile can be acquired by the conventional seismic survey which does not increase labor consumption but provides additional data required for detection of the productive seam.
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